One sentence summary: Lactococcus strains allowed the observation of different plasmid copy numbers at exponential and stationary phases, and co-culture assay clearly shows that higher transfer efficiency is obtained with bacteria stemming of exponential phase.
INTRODUCTION
Non-invasive recombinant Lactococcus lactis strains are able to transfer DNA in epithelial cells of mice digestive tract (Chatel et al. 2008) . In order to improve the plasmid transfer, we showed that recombinant L. lactis strains expressing fibronectin binding protein A (FnBPA) from Staphylococcus aureus are invasive and are more efficient in vitro or in vivo (Pontes et al. 2012 ) than non-invasive strains. Recently, we increased plasmid transfer in vitro and in vivo into dendritic cells (DCs) by producing a recombinant antibody targeting a receptor specific of DCs, DEC205 (Michon et al. 2015) . Plasmid copy number (PCN) per bacteria is of course of great interest in the DNA delivery strategy, and in this paper we determined PCN in different strains carrying one or two different plasmids at exponential or stationary phase in order to find when the PCN is the highest.
In the early 1990s, several methods were developed to quantify PCN (Friehs 2004) . These methods were based on quantification of reporter gene expression driving enzymatic activity or fluorescence (Coronado et al. 1994; Vogel et al. 1998) . But the results obtained in such cases have to be considered as an average due to protein synthesis and protein folding delay. Some methods were also carried out following separation of plasmid DNA by the use of HPLC, electrophoresis (Projan, Carleton and Novick 1983; Ward et al. 1993) , Southern blot (Olsson, Ekwall and Ruusala 1993) or radioactive labeling (Ivanov and Bachvarov 1987) .
More recently, quantitative PCR provided a promising method especially because it does not need plasmid separation, and because it allows high accuracy results. Most of these investigations were performed in Escherichia coli (Lee, Ow and Oh 2006; Skulj et al. 2008; Silva et al. 2011 ) but also in various hosts such as Agrobacterium tumefaciens (Tao, Jackson and Cheng 2005) , Chlamydia trachomatis (Pickett et al. 2005) , Bifidobacterium catenulatum (Alvarez-Martin, Florez and Mayo 2007) or Bacillus thuringiensis (Zhong et al. 2011) . Data observed in these reports suggested that PCN highly depends on vectors, hosts and bacterial growth conditions.
We investigate the variation of PCN in function of bacterial growth phase, origin of replication, in our dedicated bacterial specie i.e. L. lactis. On one hand, we observe PCN characteristics of pValac-GFP vector ) or vectors belonging to the pIL253 family (Simon and Chopin 1988; Que et al. 2000) . pValac-GFP is a rolling-circle replicating plasmid derivative from pWV01 (Kok et al. 1985) , a shuttle Gram-positive/ Gram-negative plasmid, carrying RepA and RepC genes. Origin of replication of pValac-GFP shows low copy number properties (Ingmer and Cohen 1993; Del Solar et al. 1998) . On the other hand, pIL253 is a φ-replicating plasmid, only for Gram-positive bacteria, carrying RepD and RepE (Projan, Moghazch and Novick 1988; Dempsey, Birch and Khan 1992) allowing high copy number plasmids (Simon and Chopin 1988) .We describe PCN evolution during growth in monoplasmidic and biplasmidic non-invasive L. lactis strains, as well as biplasmidic invasive Lactococcus strain expressing FnBPA (Que et al. 2001) . We also study the correlation between PCN, growth phase and efficiency of plasmid transfer in COS-7 cells.
MATERIALS AND METHODS

Lactococcus lactis strains
All strains used in this study belong to the L. lactis species deriving from MG1363. Details can be found in Tables 1 and 2 .
Bacterial cultures and DNA extraction
All L. lactis strains were cultured in M17 medium containing 0.5% glucose at 30
• C without shaking. For PCN determination experiments, 40 ml of culture medium were seeded with 1 ml of a saturated L. lactis culture (24 h of growth). Aliquots of 100 μl were taken after 2 and 24 h of growth, in duplicate, and DNA was extracted with the QIAamp DNA mini kit (Qiagen) following the provider instructions after a first digestion step in 180 μl of 50 mg/ml lyzozyme in 20 mM Tris-HCl pH8, 2 mM EDTA and 1.2% Triton, for 2 h. Then 20 μl proteinase K and 200 μl buffer AL were added and incubated at 56
• C for 30 min followed by incubation at 95
• C for 15 min. After the addition of 200 μl ethanol, the mixture was applied to QIAamp Mini spin column and centrifuged for 1 min at 8000 rpm. Washing buffer AW1(500 μl) were then added and the column was then centrifuged again for 1 min at 8000 rpm, followed by a full speed centrifugation (14 000 rpm) after addition of 500 μl of washing buffer AW2. Total DNA was then eluted by the addition of 200 μl water.
PCN determination by quantitative PCR
PCR was performed two times on an ABI 7000 Sequence Detection System on DNA diluted 10 and 100 times in triplicate (10 7 to 10 6 plasmid copies per PCR). TaqMan chemistry was used for each plasmid category targeting RepA or RepE region using qPCR conditions as described by Furet et al. (2009) . Primers and probes are described in Table 3 . Each reaction was run in a volume of 25 μl containing 0.2 μM of each primer, 0.25 μM of each probe and 10 μl of diluted DNA. Amplifications were carried out as follows: 1 cycle at 95
• C for 10 min, followed by 40 cycles of 95
• C for 30 s, and 60
• C for 1 min. Quantification of plasmid was determined from average standard curve as described by Lyons, Griffen and Leys (2000) .
Standard curves were constructed with five points each in triplicate, and efficiencies range from 89% to 100%. PCN values were determined by the ratio between plasmid number quantified by qPCR and total number of bacteria counted by plating (CFU) which is the easiest way to determine total bacteria number. 
COS cell line culture
All medium for cell culture were purchased from Lonza, Verviers, Belgium. COS-7 cells were cultured in Dulbecco's Modified Eagle Medium (BE12-733F), 10% fetal calf serum (BioWhittaker R heat inactivated DE14-801F), 2 mM L-glutamine (BE17-605F), 100 U penicillin and 100 μg streptomycin (DE17-602E). The medium was changed three times per week and 5 × 10 4 cells were transferred in wells of P24 dishes, in triplicate, reaching 10 6 cells per well after 6 days of culture which corresponds also to 90% cellular confluence.
Co-culture assay and DNA extraction
COS-7 cells (ATCC n • CRL-1651) were used because of a better adhesion to the plates. Co-culture assays were performed two times as described by Dramsi et al. (1995) , Dellaretti Guimaraes et al. (2005) and Guimaraes et al. (2009) . Cells were cultured as described above in P24 dishes until confluence (10 6 cells per well).
Bacteria pellet equivalent to 20 ml of T2 medium culture, and 1 ml of T24 medium, in 500 μl of 1M Tris-HCl pH8, were added to COS-7 cells to reach a multiplicity of infection (MOI) of 1000 per cell, and were co-incubated for 2 h. Then they were washed three times with complete medium and treated with gentamicin (150 μg/ml) for 2 h in order to kill non-internalized bacteria, and washed three times again. Cells were then recovered and DNA extracted with the QIAamp DNA mini Kit (Qiagen). Thus, COS-7 cells were resuspended in 180 μl lysis buffer ATL and incubated 1 h at 56
• C after addition of 20 μl proteinase K. Then 200 μl buffer AL were added to the sample and incubated 10 min at 70
• C, followed by the addition of 200 μl ethanol. The following steps are identical to DNA extraction from bacterial strains, leading to total DNA elution with 200 μl water. Three P24 dishes wells per culture phase (T2 and T24) allowed two qPCR measures per well after a 10 times DNA dilution.
Statistical analysis
T test statistical analyses were performed using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA (www.graphpad.com).
RESULTS
PCN determination for plasmids containing the RepE gene
PCN was determined for plasmids pIL253, pORI23 and pORI23-FnBPA, all of them containing the RepD/RepE origin of replication, in monoplasmidic (strain n • 1) or biplasmidic strains (strains n • 3, 4 and 5) ( Table 1) at exponential (T2) or stationary phase (T24). Figure 1A -D shows that, for plasmids containing RepD/RepE, PCN is systematically higher for bacterial cultures at T2 than at T24. The ratio reached its peak in strain n • 1 which carries pIL253 only, a rather small vector of 5 kb (Fig. 1A) . Figure 1B-D refers to strains carrying two plasmids (Table 1) bigger than pIL253 (5 kb) such as pORI23 (6kb) or pORI23-FnBPA (9 kb). Although PCN at T2 in Fig. 1B is not significantly different from PCN at T2 in Fig. 1C , we noted a decrease at T2 from Fig. 1A to Fig. 1D . The decrease of median ratios observed can be directly linked to a decrease of PCN values at T2, whereas PCN at T24 remain relatively stable. The ratio of median PCN values between T2 and T24 decreased from 67 to 1.4. This decrease is correlated with the number of plasmid and the size of the plasmid.
Determination of number of plasmid containing the RepE gene transferred in COS-7 cells after co-culture with non-invasive or invasive strains
COS-7 cells were co-cultured with the non-invasive strain n • 4 containing pORI23 or the invasive strain n • 5 containing pORI23-FnBPA at T2 or T24. As expected, the invasive strain n • 5 allows a better plasmid transfer compared to non-invasive strain n • 4.
The plasmid transfer is two times more efficient when bacteria are at exponential phase (T2) than at stationary phase (T24) Since PCN is higher at T2 phase, we conclude that the efficiency of plasmid transfer depends on invasiveness status and PCN of the strain.
PCN determination for plasmids containing the RepA gene
PCN was determined for plasmid pValac-GFP (4.4 kb) which contains the RepA/RepC origin of replication, in monoplasmidic (strain N • 2) or biplasmidic strains (strain n • 3, 4 and 5) ( Table 1) at exponential (T2) or stationary phase (T24). The median ratio reached the highest value (15) in the monoplasmidic strain and decreased in the biplasmidic strains. However, it has to be noted that PCN median values increased constantly from Fig. 3A to Fig. 3D , from 15 to more than 100, unlike the RepE plasmid family as described previously. Figure 4 describes the number of pValac-GFP plasmid transferred per bacterium in COS-7 cells after co-incubation with the noninvasive strain n • 4 or the invasive one strain n • 5. As previously described, we observed that the invasive strain allowed higher quantities of plasmid transferred, as well as cultures at T2 exhibited a three times larger transfer efficiency than cultures at T24. 
Determination of number of pValac-GFP transferred in COS-7 cells after co-culture with non-invasive or invasive strains
DISCUSSION
In this report, we investigate optimization of DNA transfer from Lactococcus lactis strains to eukaryote cells, and its possible correlation with PCN level. We show that plasmid transfer is higher when we use strains with the higher PCN excepted for pValAc-GFP transfer with strain n
• 4, and that exponential phase of bacterial culture promotes this process. Towards this goal of optimization, we describe PCN evolution at exponential and stationary phases of growth for different L. lactis strains. These strains carry one or two plasmids with different sizes and origin of replication, RepE (pIL253, pORI23 and pORI23-FnBPA) or RepA (pValac-GFP). Two strains are noninvasive monoplasmidic strains (strains n • 1 and 2), two are noninvasive biplasmidic strains (strains n • 3 and 4) and one is an invasive biplasmidic strain (strain n • 5).
The results show different forms of PCN profiles, confirming that PCN depends on plasmid's origin of replication, if the strain is monoplasmidic or biplasmidic and growth conditions (Nordström, Molin and Light 1984) .
Among these parameters, replication processes play a key role (Ehrlich et al. 1991) . Two main processes are involved here: rolling circle replication (RCR) like in the case of small vector pValac (RepA) and theta replication model for larger plasmids belonging to the pIL253 family (RepE).
We observe an important decrease of PCN from exponential to stationary phase. This loss results unlikely from the occurrence of plasmid free bacteria, which remains a rare event in high copy number hosts (Summers 1991; Lau, Malkus and Paulsson 2013) . Moreover, since bacteria are grown in the presence of antibiotic, plasmid-free bacteria can be almost excluded.
PCN evaluations in monoplasmidic strains n • 1 (pIL253) and strain n • 2 (pValAc-GFP) show that pIL253 is in higher number than pValac-GFP at T2. This result is in agreement with previous observations obtained in Lactococcus lactis (O'Sullivan). RCR mode, as for pValac-GFP, generates single-strand DNA as intermediate resulting in segregational instability (Ehrlich et al. 1991) , unlike theta replication mode, like RepE containing plasmid. The PCN for the pIL253 plasmid family decreases gradually from 72 at T2 for strain n
• 1 to a value of 18 for strain n • 5. This decrease seems to be correlated to two characteristics: (i) the number of plasmids with different origin of replication, strain n • 1 is monoplasmidic whereas strain n • 5 is biplasmidic and (ii) the size of the plasmid, in strain n • 1, pIL253 has a size of 5 kb and pOri23-FnBPA reaches 9 kb. On the other hand, the PCN from pValac-GFP seems to be less sensitive to these two characteristics. In the monoplasmidic strain n • 2 and the biplasmidic strain n • 3, we determine a PCN for pValac-GFP of about 20 at exponential phase ( Fig. 3A and B ). RepA and RepC are known to drive negative replication control involving a small antisense RNA and thus allowing the stabilization of PCN around an average value (Del Solar et al. 1998; Summers 1998; Del Solar and Spinosa 2000) . In strain n • 5, PCN values for pValac-GFP are much higher than for other strains whatever the growth phase. It has to be noted that this highest value of the PCN for pValac-GFP (Fig. 3D) is correlated with the low value of PCN observed for pORI23-FnBPA (Fig. 1D) . It suggests the occurrence of a cooperative way of replication control acting as a balance, driving the metabolic burden of the bacteria, where the loss a large vector facilitates the replication of a smaller one. The observed phenomenon could be explained by another replication control process where metabolic load and metabolic stress (Silva, Queiroz and Domingues 2012) caused by high PCN are fixed, especially if plasmid multimers are generated. In this Histogram plot describing PCN transferred per bacteria in COS-7 cells after coincubation with different strains at an MOI of 1000, considering two phases of bacterial culture (exponential and stationary phase). T tests were applied and significant differences (P < 0.05) are indicated by asterisk.
case, after migration to the bacteria poles for partition (ReyesLamothe et al. 2013) , multimers are resolved by decrease of plasmid replication rate (Summers 1998) and finally plasmid loss. In addition, this observation fits with the work of Kiewiet et al. (1993) demonstrating that large plasmidic DNA inserts generate plasmid instability in L. lactis. T tests were applied and significant differences (P < 0.05) are indicated by asterisk.
Our aim is to know if we could improve the plasmid transfer from L. lactis to eukaryotic cells by using cultures with higher PCN. Figures 2 and 4 show the efficiency of plasmid transfer for one bacteria when strains n
• 4 and 5 are co-incubated with COS-7 cells, after 2 or 24 h of growth. The results clearly confirm that the efficiency of plasmid transfer is directly linked to invasivity of the strain but also to the PCN level. We conclude that time-course determination of PCN in five different L. lactis strains allows the observation of different PCN values at exponential and stationary phases depending on mono or biplasmidic strain, origin of replication and metabolic burden of the bacteria.
Co-culture assay with COS-7 cells clearly show that higher transfer efficiency is obtained with bacteria stemming of exponential phase (T2).
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